AIM The aim of this study was to investigate the longitudinal development of passive range of motion (ROM) in the upper limbs in a population-based sample of children with cerebral palsy (CP), and to investigate which children are more likely to develop contractures related to functional level, CP subtype, and age.
The underlying neurological pathology in cerebral palsy (CP) is by definition not progressive, but motor symptoms often change over time. Most young children with CP exhibit full passive range of motion (ROM), but joint stiffness develops gradually and is sometimes not recognized until it is pronounced and disabling. Many adolescents and adults with CP exhibit joint deformities with severe, fixed, painful contractures. 1, 2 The occurrence and timing of contracture development in the upper limbs in CP is largely unknown. 3, 4 Knowledge is lacking about which children with CP are more prone to develop upper-limb contractures, which joints are most commonly affected, and at what age contractures typically occur. Evidence for the effects of treatment of contractures is also lacking. 5 In Sweden, a national register and follow-up programme for children and adults with CP was started in 1994, referred to as the CP Follow-up Programme (CPUP). 6 Children are invited to the programme as soon as they have a diagnosis of suspected CP. Within the CPUP, all children are assessed by their physical and occupational therapists at their local paediatric rehabilitation centre twice a year until the age of 6 years, and after that once a year. From the age of 16 to 18 years, children can continue in the adult follow-up programme. Ninety-five per cent of all children with CP in Sweden are registered in the CPUP. The assessments include, among many other variables, passive ROM measurements. 7 The CPUP has been shown to be effective in preventing hip dislocations and contracture development in the lower limbs. 8 It is possible that early detection might assist in preventing the development of a progressive decrease in passive movements by identifying which children are at greater risk and, therefore, need to be monitored more closely concerning joint motion. The aim of this study was to investigate the longitudinal development of passive ROM in the upper limbs in children with CP, as well as to investigate which children are more likely to develop contractures related to functional level, CP subtype, and at what age contractures begin to be significant.
METHOD
This longitudinal population-based study used CPUP registry data from the southern part of Sweden. This region has a CP prevalence of 2.3 per 1000 individuals and was chosen because it was the first to introduce a registry and, thus, includes the largest age range of children with CP. In accordance with CPUP procedure, the CP diagnosis and dominating symptoms of each child were classified as the following CP subtypes: spastic unilateral, spastic bilateral, ataxic, and dyskinetic. The classification was verified by a neuropaediatrician at the age of 4 years, according to Surveillance of Cerebral Palsy in Europe guidelines. 9 Although the different CP subtypes often include a mix of movement patterns in each individual, the dominating motor symptom, chosen by the CPUP neuropaediatrician, was used when defining the subtype. Children who do not fulfill the diagnostic criteria at age 4 years are removed from the registry. Data from the CPUP upper-limb protocol assessed by occupational therapists were used in this study.
Participants
All children born between 1990 and 2012 who were followed in the CPUP, with at least two measurement occasions registered between 2002 and 2014, and who were living in the Southern part of Sweden were included in the study. The study was approved by the Regional Ethical Review Board in Stockholm (Dnr 2013/1792-31/3).
Assessments
The Manual Ability Classification System (MACS) was used to classify the functional level of manual ability. The Gross Motor Function Classification System (GMFCS) was used to classify gross motor function, with emphasis on sitting, walking, and wheeled mobility. 10 The most recent assessment occasion was used. All passive ROM measurements were taken using a goniometer, according to the CPUP measurement manual, which is based on Norkin and White guidelines. 11 Elbow extension, pronation, and supination measurements less than 0°are indicated with negative values.
The most common deviating postures of the upper limb in children with CP are adduction of the upper arm, flexion of the elbow, pronation of the forearm, and flexion of the wrist and fingers. 12, 13 Independent of the underlying reason and according to clinical experience, passive movements opposite to these postures may be expected to become limited, i.e. a contracture of the joint is formed. Therefore, restrictions in the arc of the following five passive movements were chosen for this study: shoulder flexion, elbow extension, forearm supination, and wrist extension with fingers flexed, as well as with simultaneous finger extension. 12 
CPUP traffic light system
Passive ROM in degrees was categorized according to the CPUP 'traffic light system'. The upper-limb border values are presented in Table SI (online supporting information). The green level indicates a good/normal range, including a measurement error variance. The yellow level indicates an early alert that passive ROM is less than normal. The red level indicates a severe decrease of passive ROM. In the present study, any passive ROM measure within the yellow or red levels was considered to be a movement restriction.
Statistical analysis
All analyses were conducted in SPSS version 20.0 (IBM Corp., Armonk, NY, USA). In addition to descriptive statistics, mixed models were used to analyse the development of passive ROM over time (expressed as degrees), including all assessment occasions. The analysis was stratified by CP subtype, GMFCS level, and MACS level. The development of passive ROM over time was analysed in 3-year intervals for six age groups. The youngest age group was used as the reference. Age was used as a fixed variable and child as a random variable. Pairwise comparisons of age intervals were made with a significance level set at a pvalue of less than or equal to 0.05. In the analysis, a heterogeneous autoregressive variance structure of the random effects has been assumed. The residuals were plotted against the random effects and the fitted values, to look for any non-constant or dependency patterns. A heterogeneous autoregressive variance structure of the random effects was found to best fit the data and has been assumed in the model specifications. Normal probability plots were used to check the assumption of normality of the residuals.
A crude odds ratio (OR) was used to compare differences in the proportions of children who had developed contractures at their last assessment. ORs were calculated as p/(1Àp), where p is the proportion having developed contractures. The crude OR is the odds of a specific group divided by the odds of a selected reference group. For GMFCS and MACS, level I was chosen as the reference group, and for CP subtype, ataxic CP was chosen as the reference group.
Multivariate analyses using logistic regression were performed to explain any differences in the tendency to develop contractures and to predict general risk factors. Adjusted ORs were calculated by fitting a logistic regression model estimating the risk of contracture development using MACS level, GMFCS level, and CP subtype as simultaneous predictors. 14 
RESULTS
A total of 978 children were examined with the upper-limb protocol between 2002 and 2014. Forty-nine children were excluded because the preliminary CP diagnosis had later been withdrawn, and 158 were excluded because they had only one or no registered measurement occasion of the selected variables. Because there were few measurement occasions in the oldest and youngest ages, the passive What this paper adds
• In a population-based sample of 771 children with cerebral palsy, 34%
developed an upper-limb contracture.
• Contracture development started at preschool age.
• The first affected movements were wrist extension and supination.
• Passive range of motion decreased with age.
• High Manual Ability Classification System level was the most important predictor of contractures.
ROM results are presented for 3-year age groups for measures taken between the ages of 1 year and 18 years. Thus, the results are based on 5040 passive ROM measurement occasions in 771 children (417 males, 354 females; mean age 11y 8mo, [SD 5mo] range 1-18y). The children were evenly distributed across six different age groups, and the average number of measurement occasions per child was 6.5. The distribution of CP subtypes, MACS levels, and GMFCS levels, and the number of assessment occasions are presented in Table I .
Thirty-four per cent (n=262) of the children presented a restricted upper-limb passive ROM measure (yellow or red values) at their most recent assessment occasion in one or more of the investigated movements. Restrictions were found in wrist extension with extended fingers in 19.4% of the children, in shoulder flexion in 14.5%, supination in 13.2%, wrist extension with flexed fingers in 9.9%, and elbow extension in 8.9% (Table SII , online supporting information). All passive ROM measurements showed a large variation both between and within the different MACS levels (Fig. 1 ). Contractures were found in a small proportion of children in MACS levels I and II, but among these children a few had severely restricted passive ROM. Children in MACS level V more often developed contractures, but there was also a wide variation, with some children at this level showing no passive ROM restrictions at all.
In children who developed contractures (n=262; i.e. passive ROM measurements within the yellow or red values), the contractures increased in severity over time. For the five movement variables combined, no contracture was found in the 1-year-old children, but in 17 of the children in the 1-to 3-years group, and the number of children with contractures continued to increase with age. The line describing the decreasing arc of movements had a similar steady slope for all five movements, with a somewhat steeper deterioration between the ages of 12 years and 13 years (Fig. 2) . The age at which the passive ROM values were statistically significantly decreased compared to the youngest age group (1-3y) was at 4 years for wrist extension with extended fingers (p=0.039) and flexed fingers (p=0.016) and at 7 years for shoulder flexion (p=0.036), supination (p=0.001), and elbow extension (p=0.001; Table SIII, online supporting information).
Figures 1 and 2 illustrate contracture development across the age range (1-18y) and MACS levels. For shoulder flexion and elbow extension the mean passive ROM decreased by about 30°. In supination the decrease was 50°a nd the mean values for wrist extension with extended fingers, and wrist extension with flexed fingers decreased by 65°and 56°respectively.
Only 10% of the children at MACS level I developed contractures. Table II describes the proportion of children with one or more upper-limb contractures. Children at MACS levels IV and V had the largest proportion of contractures, 47% and 65% respectively, which correspond to a crude OR of 16.6 for children at MACS level V. Children with dyskinetic CP showed the largest proportion of passive ROM restrictions (46%) within all CP subtypes. When adjustment for the other risk factors was made, MACS level was the most important predictor of contracture development. Children at MACS level V showed an adjusted OR of 12.1 (p<0.01), while children at MACS level II showed an adjusted OR of 5.0 (p=0.01). Furthermore, children at GMFCS level V showed an adjusted OR of 6.4 (p<0.01). CP subtype was also found to be of importance after adjustment for the other predictors (GMFCS level, MACS level, and CP subtype), and children with spastic unilateral CP showed a higher risk (adjusted OR=8.2, p<0.01) for contracture development compared to children with the dyskinetic, spastic bilateral CP, and ataxic CP subtypes.
DISCUSSION
To our knowledge, this is the first population-based study reporting the pattern of upper-limb passive ROM development over time in children and adolescents with CP. We found that 34% of the children had developed contractures. Contractures were most common in wrist extension with extended fingers. In the children who developed contractures, the decrease in passive ROM had started during the first years of life and had become a Age when the passive ROM significantly declines from the reference group
(1-3y). CI, confidence interval.
significant at the age of 4 years for wrist extension and at 7 years for shoulder flexion, elbow extension, and supination. The highest proportion of contractures was found at the highest GMFCS levels, MACS levels, and in children with dyskinetic CP. MACS level was the most important variable predicting contracture development (OR=16.6, p=0.01) when adjusting for all included predicting factors in the analysis (adjusted OR=12.1, p=0.01) but also GMFCS level V (adjusted OR=6.4, p=0.01) and spastic unilateral CP (adjusted OR=8.2, p=0.01) were found to be predictors of the development of contractures of the upper limbs.
In this study, the proportion of individuals demonstrating upper-limb contractures was actually lower than expected. From a clinical perspective, we had the impression that nearly all children with CP would have at least some passive ROM restriction, and it has been reported that four out of five children with CP have contractures. 13 In this population-based study, however, only a third of the children had developed upper-limb contractures. This difference is probably due to the fact that previous studies have been based on patient cohorts rather than complete populations of children with CP, as used here.
It could also be argued, however, that a prevalence of 34% of contractures is high, considering that all children in Sweden have access to free health care and that all of the children in this study had regular contact with habilitation teams. 6 Many of the included children had probably received interventions aimed at contracture prevention or improvement such as stretching, orthotics, botulinum toxin injections, and hand surgery. Children with a sparse, selfinduced active movement repertoire are likely to have had a daily passive ROM regimen performed by their caregivers; though the effects of such interventions have been questioned. 5 A study of the lower limbs, with access to data from a control group, indicated that for children who were followed in the CPUP, the development of severe contractures was significantly reduced by early interventions. 6, 15 The authors concluded that just being involved in the systematic follow-up programme might have had an important impact on identifying signs of decreased passive ROM at an early age. This might also be the case for upper-limb contractures, but unfortunately we do not have data on the pre-CPUP status for the upper limbs.
Most of the children who developed contractures had several joints involved, but the contracture development often started with wrist extension with simultaneous finger extension. Decreased passive ROM in the wrist and hand has been described as the most common upper-limb movement restriction in children with CP. 12 A flexed posture of the wrist can be a consequence of shortened wrist flexors and/or shortened finger flexors and weakness in the extensor muscles. 16 This imbalance and the flexed position of the wrist weakens the grip and makes grasping and performance of daily activities difficult. Thus, contractures in the wrist and fingers might have serious functional consequences and steps should be taken to try to prevent them. 17 This study showed that upper-limb passive ROM for the children who did develop contractures had already started to deteriorate during the first years of life and continued until our last measurement point at 18 years. Furthermore, a refraction point with a greater rate of decrease was seen at the age of 12 to 13 years, which corresponds to the onset of puberty and is a common age for growth spurts. Taken together, our results suggest that once contracture development starts, it is hard to stop it. The underlying mechanisms behind contractures are currently a topic for discussion and research is ongoing. 18 Little is known about whether and how well interventions actually affect contractures in spastic muscles, but we do know that botulinum toxin might be helpful in postponing a need for surgery and, in combination with occupational therapy, might improve function. 5, 19 A possible limitation of this study could be that, even though the children were expected to have yearly follow- ups, occasionally data were missing. To compensate for this, a mixed model method was used that took into account the fact that the same child was measured several times and that some measurements might be missing. The curves that illustrate contracture development over time (Fig. 2) showed regular sloped lines indicating that the passive ROM development was captured satisfactorily. For longitudinal studies, mixed models have been recommended to study change over time. 20, 21 Another possible limitation of this study is the use of registry data only. As time goes by other variables seem important, but cannot be analysed because they are not included in the registry data. For example, only the dominating symptoms are reported for CP subtypes although more specific knowledge about the children with the dyskinetic CP would be interesting. Furthermore, many different raters have been involved over the years in reporting the data used in this study, and, therefore, there is a risk of measurement errors. Passive ROM measurement errors of 10°to 15°have previously been reported for children with CP, even for intrarater measurements. 22 To achieve as large a rater agreement as possible and to ensure the quality of the data in the registry, workshops are continuously organized around the country. In addition, every new occupational therapist involved in the CPUP is given the CPUP upper-limb manual, which includes detailed instructions on how to take measurements, and is mentored by more experienced colleagues. Although the measurement error cannot be completely disregarded, it is not likely to be systematic in a large population such as this (i.e. including more than 5000 measurement occasions) and, therefore, would probably not affect the results to any significant degree. 23 A surprising result of this study at first glance was that children with dyskinetic CP had the highest proportion of contractures as well as the highest risk (crude OR) of developing contractures among the different CP subtypes. This was unexpected because the risk of children with the dyskinetic subtype developing contractures is often regarded as low because of the presence of the large amount of movement and varying muscle tone. 24, 25 However, when adjusting for all predictors (GMFCS and MACS levels, CP subtype, adjusted OR), children with spastic unilateral CP showed the highest OR for contracture development, compared to the other CP subtypes.
As expected, children with more severe disabilities were more likely to develop contractures, and the risk became higher for each MACS level and significantly higher (p<0.01) for children in GMFCS level V. However, children in GMFCS levels I to IV showed no significant (p>0.05) risk of developing contractures in the upper limbs, which may be explained by GMFCS being a classification of gross motor function. 10 Yet, some children with high ability (low MACS levels) unexpectedly developed contractures, while about half of the children with severe disabilities did not. Therefore, we cannot rely only on functional classification levels to identify the children at risk. Our results indicate that it is important to regularly, and from early childhood, systematically assess passive ROM in children with CP at all functional levels for the early detection of contracture development.
In this study, border values for the level of movement restriction that should be defined as a contracture were based on the CPUP traffic light system with yellow or red values indicating a contracture. 6 The green values are meant to contain normal passive ROM values 11 with an additional measurement error margin. The lower level of the yellow values was meant to indicate an early alert for decreasing passive ROM. To the best of our knowledge, there is no guideline on which passive ROM values to use to define contractures. The cut-off values used in this study might seem strict when an elbow extension deficit of À10°and a supination of less than 80°are judged as passive ROM restrictions. The critical values in CPUP might need further discussion, but even with the strict limits used here we found relatively few children with contractures. We believe that if early detection of restrictions is the desired goal, strict critical values are important. It is also important to pay attention to the first sign of upper-limb movement restriction, because early detection and early interventions might be the key to successful outcomes.
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